InTrODuCTIOn
Conditions that lead to brain injury around the time of birth, 1 such as hypoxia-ischaemia, stroke and intracranial haemorrhage, are leading causes of neonatal mortality 2 and life-long morbidities including some forms of cerebral palsy. 3 In November 2015, the UK Secretary of State for Health announced a national ambition to reduce 'brain injuries occurring during or soon after birth' by 20% by 2020 and halve them by 2030. This was part of a wider national maternity ambition to similarly reduce stillbirths and maternal and neonatal deaths. 4 The Department of Health commissioned the Neonatal Data Analysis Unit at Imperial College London to estimate annual figures for 'brain injuries occurring during or soon after birth' from routinely recorded clinical data held in the National Neonatal Research Database (NNRD). The NNRD, a national resource, was chosen by the Department of Health, because it is the only data source that met the requirements for coverage, including estimation of retrospective rates and trends over time, frequent reporting and ability to identify brain injury without need for information in childhood.
What is already known on this topic?
► Conditions that lead to brain injury around the time of birth are leading causes of mortality and morbidity. ► Reducing 'brain injuries occurring during or soon after birth' in England is part of a wider national maternity ambition driven by the Department of Health. ► There are limited population data on the incidence of many of the conditions that lead to brain injury around the time of birth.
What this study adds?
► An expert working group has constructed a pragmatic, working definition for 'brain injuries occurring during or soon after birth'. ► Annual population incidence data for conditions leading to neonatal brain injury can be estimated from routinely recorded data held in the National Neonatal Research Database (NNRD). ► Annual population incidence rates in England for conditions leading to neonatal brain injury, calculated using data from the NNRD, are in agreement with limited published rates from other developed healthcare settings.
Original article
Here we describe the development of a working definition for 'brain injuries occurring during or soon after birth' and report national incidence rates for England over the period 2010-2015. We also report national incidence rates for individual conditions included in the working definition.
MeThODs

Defining brain injuries occurring at or soon after birth
Unlike stillbirth or neonatal death, the term 'brain injuries occurring during or soon after birth' does not have an agreed or standardised definition. An expert group was therefore convened by the Department of Health to determine a working definition for the national maternity ambition. The group met at Richmond House, London, on 17 January 2017; experts in neonatal and perinatal brain injury, health professionals and representatives of government and other National Health Service (NHS) organisations were invited. Attendees and their affiliations are listed in online supplementary data 1. The remit of the expert group was to reach consensus on a pragmatic working definition for 'brain injuries occurring during or soon after birth' and describe the following components of such a definition: scope (including the gestational age of infants and the timing of injury), conditions to be included, data items to be included and the denominator to be used to calculate incidence. The final working definition for 'brain injuries occurring during or soon after birth' agreed by the expert group for the purposes of the national maternity ambition is described in box; the corresponding NNRD data items can be found in online supplementary data 2. The definition represents a pragmatic approach to identifying infants likely to have sustained brain injury, using signs of acute neurological dysfunction and conditions known to be causally related.
DATA sOurCes
Case (numerator) data were extracted from the NNRD. The NNRD is a clinical dataset (The National Neonatal Data Set) within the NHS Data Dictionary. Details of all data items are searchable at the following web page: http://www. datadictionary. nhs. uk/ data_ dictionary/ messages/ clinical_ data_ sets/ data_ sets/ national_ neonatal_ data_ set/ national_ neonatal_ data_ set_-_ episodic_ and_ daily_ care_ fr. asp? shownav= 1.
In the UK, summary electronic patient data are entered on all admissions to NHS neonatal units in England, Wales and Scotland. Approximately 450 predefined data items that form the National Neonatal Data Set, an approved NHS Information Standard, 5 are extracted at regular intervals from the real-time electronic platform and held in a unique national resource, 5 the NNRD. Data in the NNRD have undergone detailed cleaning to identify, for example, duplicates, out of range values, internal inconsistencies and other potentially erroneous entries. In addition to these internal processes, feedback quality assurance checks are undertaken with clinicians for key items. Data in the NNRD are merged across multiple patient episodes to create a single record for each infant. 6 The NNRD holds data Exclusions: congenital encephalopathies (including inborn errors of metabolism), congenital infections and congenital brain abnormalities: a consensus decision was made to present data before and after exclusion of infants with seizures, who also had a diagnosis of a condition indicating that brain injury had occurred prior to birth.
The data items within the National Neonatal Research Database that constitute the final working definition of 'brain injuries occurring at or soon after birth' can be found in online supplementary data 2. The specific National Neonatal Data Set items used to define 'brain injuries occurring during or soon after birth' for the national maternity ambition are described in online supplementary data 2. Denominator data, total live births in England, were obtained from the Office for National Statistics (ONS), 7 as were total live births by gestational age. 8 9 To calculate national rates of 'brain injuries occurring during or soon after birth', infants were categorised as a case of 'brain injury' if they were recorded as having any of the conditions described in box; therefore, an infant with both seizures and cystic periventricular leucomalacia was counted once. When calculating rates for the individual conditions included in 'brain injuries occurring during or soon after birth', infants were categorised for each condition separately; therefore, an infant with both seizures and cystic periventricular leukomalacia was counted as a case for both conditions.
sTATIsTICAL MeThODs
For the period 2012-2015, when the NNRD had population coverage for neonatal admissions in England, brain injury data are presented as absolute counts and rates with 95% CIs.
In 2010 and 2011, approximately 90% of NHS neonatal units in England contributed data to the NNRD; to account for missing data, national rates of brain injuries in England for 2010 and 2011 were estimated. These rates are hence more uncertain than rates reported for subsequent years. The Department of Health required rates to be estimated from 2010 to allow reporting of 'brain injuries occurring during or soon after birth' alongside other measures included in the national maternity ambition, namely stillbirths, maternal deaths and neonatal deaths.
In 2010 and 2011, the NNRD held data from contributing neonatal units and data on total births in England (from ONS), but the number of infants admitted to neonatal units that did not contribute to the NNRD and the number of total live births in maternity units attached to these non-contributing neonatal units were not known. To account for this, admissions for 2010 and 2011 were estimated using data on annual neonatal unit admissions from 2012 to 2015, when the NNRD had complete coverage of neonatal units in England. There was an upward trend in the number of neonatal unit admissions from 2012 to 2015, suggesting that the admissions in 2010 and 2011 would have been lower than the later years. Lower and upper inflations in the number of admissions were estimated based on the most extreme yearly increases seen in 2012-2015, assuming that the admissions in 2010 and 2011 would be as, or less, extreme than these. The SD of the proportion of brain injuries to admissions was estimated using actual data from the NNRD; the number of brain injuries on the lower increase in admissions was inflated by two SD less than the actual brain injury rate for the lower estimate and by an increase in two SD more than the actual brain injury for the upper estimate. This method gave more of an overestimate for the upper estimate than the lower estimate. Inflated rates for brain injuries were then calculated by taking the lower and higher estimates of brain injuries as a proportion of the total number of live births, under the assumption that The consensus opinion was that the following individual conditions make up the working definition of 'brain injuries occurring during or soon after birth': neonatal seizures, intracranial haemorrhage (including intraventricular/periventricular haemorrhage), perinatal/neonatal stroke, hypoxic-ischaemic encephalopathy (HIE), central nervous system infection, bilirubin encephalopathy and, among preterm infants only, cystic periventricular leukomalacia. Annual numbers and population rates for these conditions calculated from NNRD data are presented in table 4. Data are from 2012 onwards when all NHS neonatal units contributed to the NNRD.
DIsCussIOn
We present national incidence rates for 'brain injuries occurring during or soon after birth' based on pragmatic definitions, Rate per 100 000 live births (95% CI) Infants can be diagnosed with more than one condition so the sum of conditions for each year will not match data given in tables 1-3; P/IVH, periventricular/intraventricular haemorrhage.
agreed on by a multidisciplinary expert group, from data held in the NNRD relating to infants admitted to neonatal units in England. To our knowledge, this work is unique in describing and calculating a summary measure of conditions leading to perinatal and neonatal brain injury at a national population level. We demonstrate that the national incidence of 'brain injuries occurring during or soon after birth' in England has remained relatively consistent over the period 2010 to 2015. This analysis was commissioned by the Department of Health in England as part of the National Maternity Ambition, which aims to reduce maternal and neonatal deaths, stillbirths and brain injuries. The longitudinal assessment of the incidence of brain injuries, using standardised definitions and without the burden of additional data collection, should facilitate benchmarking, quality improvement and research aiming to reduce these conditions and the associated life-long medical and neurocognitive burdens. To our best knowledge, this is the largest and most complete attempt to define population incidence figures for neonatal and perinatal brain injuries. A strength of our study was the consistent application of a predefined case definition across a globally unique population-level repository of point-of-care clinician-entered patient data-the NNRD. As there is no agreed or established definition for 'brain injuries that occur at or soon after birth', and as brain injury in infants can manifest in diverse ways and have many causes, 1 an expert panel was convened to establish a pragmatic working definition. The definition agreed represents a compromise between two requirements set by the Department of Health: first, to capture infants with perinatal or neonatal brain injury reliably and completely, and second, to use existing data and report rates retrospectively back to 2010. As a result, the definition includes both signs of acute neurological dysfunction, seizures, and conditions, such as HIE, that are markers of potential brain injury rather than definitive evidence that such injury has occurred. Clear evidence of injury often only emerges as the child grows older, hence an accurate measure would require complete long-term follow-up and assessment in childhood. A further limitation is that data were only available from infants admitted for neonatal care, therefore any infants managed on postnatal or paediatric wards would not be captured. However, such instances are likely to be few in number. It is also important to acknowledge that diagnostic certainty at the point of data entry varies between conditions; neonatal seizures and the reasons for them can be difficult to diagnose in the neonatal period, and this may result in underestimation of the rate for this condition. The clinical experience of medical staff completing the summary electronic patient record may vary between neonatal units, which may impact data quality, particularly in 2010-2011, when the system was being introduced to new neonatal units. We endeavoured to make clear the limitations inherent in the data, specifically the assumptions required to estimate national rates for 2010 and 2011.
The novelty of the measure 'brain injuries that occur at or soon after birth', and the source of the data, the NNRD which is formed from routinely recorded clinical information, makes it necessary to consider how incidence rates of individual conditions we report compare with other published data. The annual incidence rates for moderate and severe HIE of between 2.4 and 2.8 per 1000 live births are consistent with other reported rates of neonatal encephalopathy of between 0.77 and 3.8 per 1000 live births in low neonatal mortality regions, such as the UK and the USA. 10 When considering neonatal intracranial haemorrhage, published data commonly reported incidence separately for term and preterm infants. A 30-year-old, single-centre study from the USA reported a regional incidence of 2.7 per 10 000 live births for symptomatic intracranial haemorrhage in term infants, 11 which is comparable with the population incidence of 1.5-1.9 per 10 000 term births that we report. For preterm infants born at 22-31 weeks gestational age, comparable population-level incidence data for intraventricular/periventricular haemorrhage from the national French EPIPAGE cohort are 3.8% for grade 3% and 3.3% for grade 4 intra/periventricular haemorrhage. 12 In the same gestational age band, we report annual incidence rates between 5.8% and 6.1% for a composite including grades 3 and 4 intraventricular/periventricular haemorrhage. We report annual incidence rates for neonatal or perinatal stroke of between 0.11 and 0.15 per 1000 live births, which is similar to the estimated minimum incidence rate of 0.10 per 1000 live births reported by a prospective, population-based study from Canada. 13 The annual incidence of neonatal central nervous system infection we report, of 0.51-0.76 per 1000 live births, is similarly in agreement with the population-level incidence rate for neonatal meningitis in England and Wales of 0.39 per 1000 live births (1996) (1997) reported by the British Paediatric Surveillance Unit (BPSU).
14 Similarly, annual rates of bilirubin encephalopathy reported here of between 0.3 and 1.2 per 100 000 live births are comparable with BPSU population surveillance rates of 0.9 per 1 00 000 live births (2003) (2004) (2005) . 15 EPIPAGE 2 (2011) reports an incidence among 23-34 gestational week infants of 1.8% for cystic periventricular leukomalacia 16 ; in the same gestational age group, we report annual rates of between 1.13% and 1.27%. Finally, population-based studies of neonatal seizures over the last 30 years report incidence rates between 1.8 17 and 3.5 18 per 1000 live births, results that are again in keeping with our annual rates of 1.9-2.2 per 1000 live births.
In conclusion, we provide national estimates for 'brain injuries occurring at or soon after birth' for England over the period 2010-2015 using data held in a national database derived from point-of-care, clinician professional-entered electronic patient records. Our estimates are in broad agreement with other published population-based rates from stand-alone studies conducted in similar neonatal care settings, using data recorded specifically for each study. This supports the validity of using data held in the NNRD for initiatives such as the Department of Health national maternity ambition. This approach is cost and time efficient, less burdensome for health professionals and represents a positive evolution away from the former approach of bespoke duplicative data collections for each specific purpose.
